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LIMITSOFEKECISIOIiINTHElXMUWUfATIONOFIATTXCE

WWTERS” ANDSJRESS@‘ BYTEEDEBW+3CEER3ERMETHOD

ByHansEksteinandStanleySiegel

STJMMARY

h theaccuratedeterminationoflatticeparametersby t4e,Debye--
ScherrerMethod,a sharplinetsdes:rable,?t@ shownthattheapectml
widthofthecharacteristicradiationIStheWting factorwhen,’by
suitableexperimentaltechnique,thegecmetrio-linewidthhasbeensuffi-
cientlyreduced.Thisresiduallinewidthisoftheorderofone-quarter
ofthedistancebetweenthetwocomponentsofthe Ku doublet.Thein- “
tensitydidtributtoninthelinewascalculatedforthecaseofsuffi-
cientlylargeperfectcrystalgrai~,negligiblegeogetricwidth,anduni—
formangulardistributionQ$crystalgrains.Pathetube md o’%lect=e ‘
usually immobileinstressmeasurements,thecaseofuniforadistribution
isonlyapproximatedwhenthecrystal-rainsizeis sufficientlysmall.
Otherwise,the.actualintensitydistributionisa Jaggedcurve,which
malcesaccuratemeasurementsimpossible.

Experimentswereperformedwithcopperradiationonzinosamples.
TheBreLgganglein thiscasewas87.53° sothatthegeometric-linewidth
couldbemadesmsU incomparisonwit~thespeotral-linewidth.Phot&
~aphstakenwithsamplesofUfferentcrystal-grainsizesshowthetra&
sitionfromthejaggedtothetheoretical,smoothiritensitycurve.

Evenwhent~ecrystal-grainorientationisperfeotlyuniform,the
recordi~oftheintensitydistributionWIZ entailerrors.Errorsdue
toirreguhfluctuationsoffilmdensityaredeterminedZorsubjective
andobjectivemeasurementsof

,.

. Inattemptingtoimprove
ments,thefirstdj.fficulties

thelinecenter.

INTRODUCTION

tW preoisionorX-raydiffractiontiaasure-
wereduetothetwoobviousfactswhich

distinguishX-raysfromopticalrays;mamelyytbt nolensesexistf’or
.
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X-rqTsandthatthereissomepenetrationofX-rqysintothespecimenso
thatthelocationoftheobJectissomewhatindeterminate.Liinitations
ofaccuracybythesefacts$which:willbeUlledthegeo~tri~lfactors)
havebeendiscussedthoroughlyintheliterature,andgreatprogressin
improvedapyaratusandcalculatingrn6th,@shasbeenmadeinordertoover-
cometlneselimitations,(Seereferenceslto h.) Totheextenttowhicfi
theref’inernentaeliminateerrorsofa geometricalnature,othersourcesof
error,hardlydiscusse&thusfar,becomeimportant.Thefollowingdiscus-
siontreatswhatseemsto%ethenexto’betacletobeovercomein thegrad-
ualimprovementofaccuracy,.~th particularemphasisontheapplication
oflatticedistancemeusuremmkstostressdetemninations.

Onesourceoferrorisfoundinthe@y~icalnatureofthespecimen.
Yfthecrystalgrainsarenotyerf’ectly periodical arraysofatoms,the
accuracyofmeasurementimlimitedbytheamountofperiodicity.Too
smallgrwlnsizeislcoownto‘broadenlines,therebyreducingthesharpness
ofthediffractionli.ne”s.Finally,eyepifeachorystalgrainmaybecon-
sidered’perfect,the”strainina po]ycrystallimsampleunderstresswill
benonhomogeneous-sothata wholg,wngo ofla~ticepaiaameterswillbeob-
servedinanysinglegmasu”retientoInthisreport,allerrorsofthis~-
turewillbedisregarde~andattention.will3Gcenteredupontheerrors
inherentinthemeasLiringmethoditself.Thusitwill%eassumedfor
thispurpo~ethatall.individualcrys,tal.grydnsareperfect; thatis,of
sufficienteize,,yerfectlyyeriodic,andofidentical.structure,

“Thisinve&tigati.on,conducteda~~he’ArmourResearchFoundation,was
sponsoredbyandc~nductedwiththefinancialassistanceoftheNational
AdvisoryCommitteeforAeronautics.

TEEO17EYUCALCONSIDERATIONS

‘Foraccuratemeamrementofthelineposition,a sharpline-isdesir-
able.Disregardingthegeometrical”factors,thenarrownessofthedif-
fractionlineislimitedbythespecknalimpurityoftheprimarycharac-
teristicradiation.Althou@inmostexperimentsthewidthisdetermined
bytheggometrlcalfactors,,thelineswithglancingan@eacloseto90°
owetheirwidthpredomhantlytothespectralimpurity,whenthegeometri-
calfactorsareasfavorableasispresentlyfeasibleaswillboshownin
thefollowingdiscussion.Butitieprecieelythisreg~.on0$backreflection
wherethelinepositionismostsensitivetosmallchan~esoflatticeparam-
eters.Itbecomesnecessary”thereforetoinvestigatethiespectralwidth.

Supposethata,raridmnlydistributed
andthatthedivergence,beamwidth,and
blo, A Debye-Scherrerlinewouldlyavea
ofwavelengthsintheprimAry%eam.

mass~fperfectcrysta>sisused .
depthofpenettitionarenegligi-
widthcorrespondingtotherange

TOeachwavelengthk, therecorresponds
angleQ = 2egivenby

k = 2dsin@/2

.

ontheX-rayphotographan

(1)
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wheretheordernumbern isconsideredtobe included<intheeffective
. latticespacingd. Theintensityofa’spectrallineisgtvenby

.,

whereA.
w ia’the

Now,

A ..--
I(?J =

((X+)2+ iJ2- .,. (2j

isthewavelengthcorrespon&ingto
widthoftheline(fig.1):and A

defineanangle4./2BO

Ey,useofequations(1)to [3)
thereisobtained.fortheintensity

that

sin00/2

them&mum intensity, .
isa constant. ..

andsubstitutionintoequation(2),
diffraotedbyallcrystsls

(3)

,.

11(41)= F{o)
(4)

(d(2@2 (sin $/2- sin4J2)2+ ~~”e, . .

.

wherethefunctionF(O) dependson the intensityoftheprimarybeamand
. thenumberofcrystalswhichareorientedsoastoreflectata definite

eagle0 ifexcitedhytheproperwavelength.

. Divid@gthroughby(2d)2andusin&equation(3) yields
..

1!(0)= B’(Q) ~r (5)
., (sin0/2- sin0./2)2+

lf @ iSnOttoocloseto~~” ad the
canbesubstituted

lineisnottoobroad,there

sirl0/2- einQo/2=A@/2cos$./2 (6)

Thereby

.

.

whereB(O)

equation(~)becomes

It($) = B($) . .

(

%2.
{A*)2+ ~ tan%42

)

isagaina functionofthecrystaldistribution.

(7)
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ThefunctionB($)-expresse”q
grainswithrespecttotheprimary
calnatureandentirelyunknownin
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theaccidentalorientationofcrystal
beam.Asthefunctionisofstatisti-
everyparticularcase,a measm*eiin-

tensitydistributionIf(~.).cannotbe~m~dtodetermine”theangle$0)
andtherebythelatticeparameter,d. m ordinarylattice-constantmeas-
urements,thisdifficultyisum.ml.ly”overcome‘byrotatingoroscillating
thesamplea%outanaxianormaltotheprimarybeam,therebycausingtke
crystal~ainstoassumesuccessivelyanInfinitenumberof orientations
with.respe’c”ttothebeam,Inthiswey,thestatisticalfw~ct~onB($)
is‘taverageflout” so thatitbecomespracticallya constantoverthedif-
fractionline.Theparticular~ifficultyofstressmeamrementsisW’iah,
forobviousmechanicalreasons,itisusuallyimpossibletorotatethe
specimenor-whichhasthesameeffect.Y oscillatetheX-raytube.It
ispossible,however,to03tainsome-smoothingoftheerraticdistribution
functionbyrotating.thereoordingfilmabouttheprimex’ybeamasanaxis,
and.thisistheusualprocedure.:.Nevevtheless,itIsnoteasytoo~tiain
smoothintensitydistributions:fn.this’w&y. Itis”showninth’e’soc%ion
onExperimentalWorkthatthellnewillhavea smoothintensitydistrib-
tlononlyunderparticularlyfavarableci~cumstances.CrKherwise,high
resolutionofdetaile,whioh,isnecessa~~.forextremeprecisionmeasure-
ments,exhlbltstileerr3,ticstructureoftheline.Tfnonphotographic
meansofIntensitymeasure~entare“used;thatis,ionizationchambersOr
Getger:MuelJ.ercounter~,thesituationisevenworse,becausethesmooth-
ingeffectoftherotationcannotbeused.. .. .

,‘;
onelimitationoftheaccuracyofstressmeasurementsiethus

gtven%ythe~tatisticeofcrystal-grainorientation.Ifthenum%er
ofcr,ystell.s‘tviewedl!bytheprimary%ewnissmall,thefunction.B($)
willbeerratic.

.,.

Theidealcaseoccurswhenthecrysts2orientationisstatistically
vniform;thatis,practically,whena very larf~.nwuberofcryst,alscon-
tributetothefmmatiotiofthe,diffractidnline.TnthiscaseB( )

!end B1(@),arepracticallyconstantoverthelinewidth,endequatons
(~)~d (7) become .,!

end

whereB and Bf arenowconstants.Thiscase

(5a)

(74

of‘fperfectstatisticsll

.

.
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Cowarisonbetweenequations(7a) ma (2)
Debye-Sc~errer

istheGgular
thewell-known
tane.

lineis.tk-sameas‘thatofthe

()

\
“w==tan+iio

widt~oftheil?bye+cheirerUne.
tactthatthedispersionincreases

showsthattheformof
spectra~line’andthat

EqimtLon(8)expresses
proportionallywith

Iftheintensitycurvegivenbyequation(7a) couldbe recordedina
perfectlyexact’manner,theposi.ti.onofthemaximmintensity% could
bedeterminedwithanydegreeofprecision,andthelatticespactngcould
becalculatedb$equation(3). Actually,thegranularstructureofthe
photographicfilmmakestherecordedIntensitycurvedeviatefromthe
formofequation(?a).Furthererrorsareotsubjectivenatureifthe
evaluationi-svisual or are duetotheemplifierorcurve-tracingnecham
ismifamiarophotometerisused.

SWilarsourcesoferrorappearwbenionizationchambersorGeiger-
Muellercounters~e u.eedwithvezqnarrowslits.Eventhen,theseinstr&-
rnentswillhardlybeusedforhigbpreofsion@easureruentsofthisnature,
becauseoftheirinabilitytoaver~ecrystalpositionsbyrotation.The
determinationof 4% will t~ereforebeposs%bleonlywithina finiteerror
5$0.

Let
840.. ~=_--.-
W (9)

betherelativeemor ofthemeasure~ntofthemaximumofa curvewith
widthW. Bylogarithmicdif~erentiationofequation(3),

o=%+ 5(00/2)cot(00/2)
Fortheabsolutemagnitudeoftherelativeerror

ticespacing,thereis~btained

!:Is“”l&(410/2)cot(0./2)1

whichwithequation’s(9) and(8) gives
. .

(lo)

Hm.
T ofthelat-

(lOa)

.,.
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According
representative

,,. p+),.-
toCcmptonandAllison(reference5),thewidthsof%w@
X-raylines81reasfoJlow&:

~oow ,: ,lapo”’’’’”’”W(xp),:+ -,,,, .— .
., (mKizl . 1537.4 ‘o 0.58” 3.7 x 10-4

co B.@ L789.Q , ,.95,,” ..5.3.x .lO.+$
,. ....” .. ..

.... . —
andth?,mbr of m&gnftuiieof WA is thesampformcmt
Thus,:~he,relativeerror@“’lattioespacingisroughly

.,.“ .’ ... . ...:.,
. . “+.4 i lo-n”” ““ ~

. . ..

. .

(12)“

Whataccuracythenma;~l,>expectedfora photo~aphicdetermination
of d? Mostmeasurements.repoz%edintheLiteratureweremadebyvim,ml “
evaluation. Subjectiveaewellaeo%jectiveeval,titionsoftheprecision
reported’inthesectiononExperimentalWorkhaveshmn thatitispossib-
le to-deterzyinetheposit:onofmaxirmuiint+rwitywithanuncertaintyof
1/10to1/s0thelinewi~th.4Tk@svalueissubjecttohomevariat~onde-
pendentupon”theangleof

If

are asmunedin accordance
leads,toa ‘:elativeerxoc

dif~ractionandthef~~twspecimendistance.

r = * for steel

~ For-zinc,‘=30

withthe’sectiononExperimentalW5rli,eql~ticn(J.2)

Infact,thehighestaccuracyolaimedinthe.literatureisa’bout
=!5Q= 2 x 10d . Inasmuchasnogeometricalandstatisticalerrorswere

considered,thisclaimwould.seemoptimistic.The”experimentalmeasure-’
ments,however,ueeeeverallinesandseveralsep”aratepictures,sothat

. —

.

.

.
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therelativeerrarmaybeslightlydecreased.I@thetinm.erofmeasurer&nts.b
Tti~concludedthattheclaimed.accuracyof~= 2 X 10 seems

optttistic,butjustpossibleifalleurors,exceptthoseduetothe
photographicfib,aredisregarded.Thecomparisonbetweentheerrordue
eolely to spectral-linewidth(inconnectionwithfib grain),ontheone
hand,andtheen-orreportedintheltte.rature,ontheotherhand,shows
thatthelimitineliminatinge~or eourcesotherthanthespectral-line
widthhasalreedyteenreachefl,Thisjustifiesthefailuretodiscuss
errorsourcesofgi~etricu~re. ItIssomew@tsurprisinfitlatthe
spectral-linewidthturns out tohethelimitingfactorforanincrease
ofaccuracy,formostpapersonthesubject treatonlythegeometric
factors. .

Inorikrto-usethep~eced.ingresultstomakeanyinferencesas‘to
thelimitsofcccuracyofstress meastirements,theidealcasemustbe
considered.wherethestres~edcrystalgrainswouldstillremainperfect
diffractors,wherethegeometricconditionsareperfect,andwherethe
statisticaldistrituticnisunifomu.Undertheseconditions,thelimit
ofaccuraqisgivenhytheuncertaintyofthephotographic&etermination
ofthemaximumintensityoftheDeby.e.8cherr.er~n.es. ,.... . ,. -.

Fora picture%aksnbybackreflectionfromthesample
sumo?theprincipalstressesIJL+ U2 intheplaneofthe
givenby ,.,,. ‘..-,.

.=. = ______.-

surface,the-
surfaceis

. . (Isa)
.

thechangeofwhereE isYoungrsmo&ulusjv poissonfs:&tiq,and ad
lattioespacingduetostress.Foralmost,grazingincidence,

‘ AdaG=E~ (13b)
. ,. . .

Theerror of stressmeasurementduetoanerror8(Ad),orwhichisthe
same,@ (reference6), isthen ‘

.

for bac,kandgrazingincidencereepectively~

—

(Lha).

i-
-. .. .. .__—

(lib)

.
.“ ;
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.: -,-.
:,. :

.-A& (15a)fjgB=#r4xlo
. .. . .

and “ ,,

i<. = Erk~lO*& ‘ -.... .,.
. ,.

repetitively. ,, ,,.
Thevaluesof E and V forsteelandzincarelistedasrepre-

sentativeexamples:

Poissonrsratio,v “ Young%”modum,El
.. ..-, _._.f@L_.... ‘

“Steel -0.3 28X 10s

zinc-
,3 ,.- -- .—

33X 106”

.
Withthesevalues,theqtrqsserrorBecomes

{

52,a rpsi.fors;eel
~fj=

24}400r psi forzinc

forbackreflectionand

J
15,800rpsi forsteel

‘6%= { ‘7,j20rps$forzinc

foralmostgrazingincidgnce. .-
Grazingincidenceshouldbeellmina.tedforaccurate

(lid

(lbb)

measurements
becausethebeamimpingesontoolargeaportionzmdfocusingisi3qpOsSi-
ble. Choosefortypicalexperiuw.rklarrangements}cobaltradiationfor
steel,copperradiationforzinc,anda ~-centimeterfi.kt~epecimen
distance.Fromthemeasurementsreportedinthesection onlhperimental

J=-for
‘ork‘d by‘*lW r F & fcmzinc,amdjby$nterpol.ation,r = ~
steel,thereisobtained

c

3@ps$ fQrsteel
an = (17a)

810w3i forzinc
.

.

.
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~eae acquracie.sgoind.de:w#th,thegmcuraoyre~ortedinmost <
pul$~.c.ations..-~$a~ionally,ago.~j.es.ashigha52000psiare:bld.qed..
forsteel,but,inview,Ot* atisu&&for&m&@ip.ar@*in&at ““’‘-‘-,Y
eqmtiofi(17a)Ssuaholaiusseem’ha~lyreado.pkble.l~,.,,;. .. .’.“’- ~.. . ....... .

figure2. Thisfigu%eshowsthe.“*oin~etifty”distributionaurv?sfor “
theunstressedandstressed(2800psi) steel with-afilm+t~peotien
distameof’~ centimeters.Thecwves‘a&ecalculatedaacofiingto
equation,(~a),thatis,forideal‘geometryandi@33J.yuriifozmcrystal
orientation.Ifnothingbutthefinitei.’graih”Qlieof~thefitiisadded,
itbeccmksapparent-Mat.a visua+odphotanetric@Lff6~entiati”onbe%tieezi:‘,’
the”twocurvesoffigiue2 ishard~possible. ~. .:-.:.-..

Itisgoncluoedthatthelimitofaoo.u&cY.is.d venessentiallw&.” ‘“
thesmeotral-1.ine”widthandtheunaertaintvof’Utemnina.tion”“o?.“tle
centeroftheDebv+oh~er Withrespeot.%0,geqietrio‘faoto*s,,
thelimitevidentJyhasalreadyb~enreaohed,or-inothbbwo~, ‘. ““
remaininggeometri~alerrorstiealreadyred&ed,.inthe:presbnt
technique,‘toa-b leastthe
the s~ectral.-linewidth.

AocOxdingto equation

. .
. ..;. ’-:,..

Ex3?EB~ WORK ..-. ..
,. ,. ’., .’:. ;----’ ..: ‘b,’,.t..

(12),,therelative&oertaintyinthelattice
spsaingisapprcxchatel.y4 ~ l@ r, wherer istheu.noertaintyof
measure3nentofthetiffraction-lineoenter..Theaacu&aoywithwhichr
canbedeterminedwilldenendontwofactors.thestatisticalarrangement
of thecxystalgrainsZn%hesample

7JnoertaintyofMeasurementDue

ofcrystal

.
andthequality of: the f Um.

... . .

totheStatisticalFluctuations

Orientation :- .

A studyoftheei’fcotsofthesamplestatistioson thediffr-~tion_
line.requires:

1-A Deb&ch&?rerlinewideinoauparisonwiththege~et%cd
.width.M thatthegeometricalfaotorse&enegligible...----. .

2.A linewi$l$:”~incomparisonwiththe>ilmgrainsizesothat”.:‘-.,-.
.iI?re@.ari,ti&ofthefilmdeqsitymaybe dimegard,qd “.,.,.... ... .._. .....= ---

3. LargeGzystaliites and”ne&rlj pe@Ogt .. ..-‘-- .-..;,. .,.
‘It”istruethata somewhatstiringeritdefinitionibu4edherefor

the‘*error,”neme&,’three’timesthestandarddeviatio~;whereasother
authors~ meanthestandarddevia%idn~
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Inordertomeetrequjrt?ments1 and2,highdispersionisnecessary;
thatis,aBraggangle6’neti90°IsreQuired,whichcallsforanunus-
ualcombinationofwavelen@handlatticepiammeter.A studyofa nu.niber
of
Cu
co

metalsshowedth&Lzinc-willproducea ~eflectionat87.53°with
Kq radiation.Withlattice.constahtsa.~ 2.6595A and
s 4.9368A, for a aljplanejiaobtained

a= 0.76950’A

Th3splanesivesa reasonablystrongreflection.5%e’chcxiceofzincis ..
fortunate,too,inthatitsannealingteqeratureisquitelowandlarge,
pGrfectc~atalgrainsmaybeeasilyproduceit,Condition3mayethuabe
fulfilledwithlittledifficulty.

Thegeamet~ofthefitigndoallimatp~systemmustbesochosenthat
conditions1 and2 &&efulfilled.Accordingtoe uation(8),.thewidthW

)oftheDeby~6herrerlineattheBraggan@e ‘$02, S@ forthewave-
lengthXo, iSgivenby “

Withthefollowingconstants,

0.00W>8X10- centimeter,.
1,5374x 10= centimeter

87.33°

W* 0.0174radian

T,hisspectra),widthshculdbeseveraltimesLargerthapthegeometrical
widthBOthattheef$ectsof thegeometrical.widthwillbenegligible.

Withcol>hnati~pinholesO.0~1centimeterindiameterandspaced
7.62centimeters,”themaximtunang@ardivergenceoftheincidentbca.mis
0.013radian.Intheconventionalbaok-reflectionteohniqueusedin
theseexperi~nts,theemergentpinho~dcollimtorisalmostatthesur-
fa.6’eofthefilm,andtheeffectimbeamscwrqeis3.8centimetersin
backofthefil.in,Thus,byincreasingthedistancebetweenthefilmand
f9pectmen,a geometricalfoc~ingconditionisiiorenearlyrealized,On
theotherhand>thewidthoft%elineon.thefilm,causedbyWe ppectral

,

.

.

.
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dispersion,will increase as thefilm-t~pecimendistanceincreases.
b Thus,ii?a fi@to-s@cUpen,dtstanceofl’jcentimetersischosen,the

spectralwidthOFthelineonthefilm‘is’2”.6&mill~ters;whereasthe
geometrice.lwidthofttieli~ isapprcccimaiely0.5millimeter;Thespec-
tralvidthis,accordi~y$aboutfive.timesthatofthegeo.metrioal
“widthandconditions1 and2 aref’@f’illed. ..

Experimentaltechnique.-TheX~a.yunitisQ commercialtypewitha
tiol~~g~~~~~~lovolts anda corresponungtubecurrent
rangeof25to16milli~neres.Theb~reflectionctiraisof,acon-
‘ventlonaltypewiththefl~ cassettemountedncrmaltoa shaftcmtain-
ingthecollimatorsystem.Theshaftmayberotatedbya smallmotor.
Theoaesettwisdesignedtoaccommodate,reflectionsupto89°usinga
fihrr-to-eyecimendist~ceOZ35centimeters,Thesampleholderisso
designedthatthesamplemayberotatedina planenormaltothebeam.
RadiationfilteredwitnnickelfoiLisusedthroughouttheexperiments..

Accordingtoequation(7a)a diffraction~ineisexgectedtobe
s~othandcontinuo~onlyifthenumbera@ the-statisticaldistribution
ofthecrystalgrainsam corve~t.Inordertogbsez’vetheinfluenceof
grainsizeuponthesmoothnessofthedifi%actionline,threesargples
wereprepared,inthefollowingmawer:

sample A.- A rodofvery.purezincexblbltinglargecrystalevaa
filedinoraertopr~pa~ea flatsurface.Thesurfacewasleftinthis ‘

. conditionandphotographed.

SampleB---Apieceofflatcold-rolled.zincwaspolished,ennealed,. andetched.

~~le C.- Annealedzincdustwasseparatedintoa fractionofmall
unifomnparticles,

DiffractionlineswithBra@ anglesoftheorderof65°,t069ewere
chosenasreferencelinesfromwhich%@ fi.1.m-tp-speaimendistanceD
couldbecalculated.ThischotceisJustifiedbecausetheselinesare
nottcosensitiwtostruct~alchanges,and.the D valuesoobtainedis
goodenough$orcomparativepurposes. . . -... . ~-

Diseussic)nofplloto~p~---A dtffract%onpatternofA-le A is
shon~~~ Theexposuretimeis6 hoursandonlythefilmhas.
beenrotated.The213reflectionshow considerablestructure,being
caqoseilofmanysharpmaximums.Figure4 is,adiffractionpatternof

. sampleB;thee~osuretime.3.s5 hoursantionlythefilmhasbebnrotated.
SubsequentdiffractionpatternsofvariousreSlonsofsam@esA andB
showa varietyofLjaest~mctures;onetofivesharpmaximumand.mny

. weak~x,my besuper~oseduponanapparentwconti.mousback-
ground.
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ordertoImprovethe.statistics.thesamle
normalto tjie beam.?Tn‘general;torstrlss
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musthe rotatedabout
measurements.thisIs a

notfeasitlebecauseofmechani~lreas’ons.HowSver,ifanatteiptIs“.-. ..
~de to“average”thereflectionbyrotitin~,’say”,s&p,leB shoutitsaxis’
coincidentwiththeX-raybeaq$figure5 results.Inthisfigurethefilm-
to%pecimendistanca”hewleen“ro~ticedto10centi~,ters.Thelineig
madeupofconcentricswirlsca”us’edby largegrain$rotatinginthebeam.
andreflectingovera.-snllangularrangeofrotation,Ifthesampleis
rotatedoff-center so that differentregionsofthe‘sampleareina posi-
tiontodiffract,”thelineshowsa cross~atchofstructure.“.,,

“If’thespeoimenis“toremain”stationary,”esmoothcontinuousdiffrac-
tionlinewillbeobtainedonly M thenumber,qndorientationofthe,.
crystalgp3in0are“correct.Samy?.e’C%VMpreyared”forthatr.ee,son.Zinc
dustwasmixedwithbromo~omnanda fineunifdl~tractionwasallowed‘to
settleona plate.A 6-hour:photbgraghoMa@d %yrotatingthk,~ilm
on~”isshownin-figure‘6.-Genw’allj,thelineisquiteuniformalthough
a slight~ountofstructureisobserved.‘ :

The,intensitydistrihutiotisofthe@iffra~t~o~~t’@rnssfiowmin
figures7, 8, and,~we?e’.~repared.fiwmtic~~ophotomterti~aci~s offig-
ures3,4,and6j respkc”~ivel$. Thee~.erimentalcurvesare compa~d
withthe:curveobtainedftionidquation(5a)thatisvalidfor~iformdis-
tribution,.AlthoughsampleC showedsliglltstructuronearoneedgeof
theline,thisdzuc-turehasbeendisrega.zdedinproducingfigure9. The
experimentaland’theoreticalcurvesarenotgivenonan.absolwtescale
buthave%eenmatchedbyadjustingonepo~ntontheintensityscalefor
eache~erinontalcurve,Theagreementbetweentheek@r3?nentalandthe-
oreticalcurvesoffi~re9 (verysma12,grains)Isquitegoodandthe
asymaet~:’ofthediffractionlineisveryapparent.Thus.whenthecrYs-
tal grains are large, thefluctuation of-th~-anwlardist~ibution
cryE&lsissolar~e”thatB($) cannotbe
B(Q)’willbei&regularlyjagged.

Uncertainty“ofMeasurementDubto,... ,,..,., ,.

cons~dereda cc@xant;

thePhotographicFilm”:—
.

of -
rather

,,,

Ithas-beenshownthatthediffractionline necesearil.yhasa mini-
mumwidth.Thequestiogis: Howaccuratelycamthecenterofthisline
bemeasuredifallotherconditionsareperfect?,..

Althoughthe”usualmeasurementsofthistypeareVisual,theuncer- ‘
tafnties ofmb~ectiveevaluationshavealreadyledscmmauthorstoo%-
,~eot$vomeasurenente.(Seereference7.) Theprecisionofbothrmthods -
is discus~~din the followingsections.Thestantifideviationu iS deter.
minedinbothmethods.Ina normaldistributionoferrors,thefrequencyof .
errorsoutsidetherwge*3u is very small; *h@ZvJni%erof 0b3eW3tiOlxi!
beyondthislimitwil}~eonlylessthanIpercentofthetotalnumberof’
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observations.Hence,withtheexpectationthatpracticallyall.measure-
b mentsofthelinecenterwillfallwithintherange*3a, therelative 0

uncertaintyofthelinemeasurementbecomes
,. . ..; . ..,

.. ~=3JJ’““.

SubjectivePrecision.-Asharpandabroadline,bothobtalnedhy -
rotationofthesample,werechosenforthismeasurement,Thecenterof
eachlinewasmeasuredbyfourobserversusinga comparatorwithcross
hairs.Eachlinewasmagnifieasufficientlytobe suitablyconvenient‘
forall.observem.Thedataofeachobserverwereaveraged.Fromthese
averagevaLdesa newaveragewasdete@.nedfromwhichthestandarddevia-
tlonwaecalculated.Thereeuits‘ma#betabulatedasfollows:

,.

TableI

r(ii; (2) ..
s

t

.

Sharpline 0.00075 0,Ouj

Broadline .00074 .077 1/35. .,

whereD isthedistancebetweenthefilmandspecimen.Obviously,the
. numberofmeasurementsieso @all that DO ewggeratedweights40uldbe

attachedtothesenumbers.Furthermore,thefilmquality,timeofexpo-
sure,andfiUwdevelopmentconditionsmaychangetheseresults.l?ever-
thelese,theincreasedaccuracyforbroaderlineeseemstobea fact.

Thisisalpoinagreemntw~thwhatwouldbeexpecteatheoretically.
Indeed,ifthelinewidthisoftheorderofonegrainorclusterof
grains,theratior will be.oftheorder1. u, ontheotherhand,the
linewidthis verylargeincomparisonwiththe‘fquasiperiod”ofthe
fluctuationsofdeuity,theuncertaintyofthemaximumwillberelatively
Smll.sothat.z’shOulddecrea~e.

InterpolationbetweepthetwovaluesgivenintableI forthecase
ofthe310reflectionof~on by Coml radiation,usingtheusualfi~
to-specimendistanceof7 centi~ters,gives .-

. .
. ,,

.,,. r’.~ ,*..,. 12’
—.. -....

.
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hich may.be,.@kenasa:representativ~.imluefor$hesub~ec’tlveadcuracy
if d.1 reservationspreviousl.ymadearereme”mbkred.“ *

Objactiveprecision.-Theobjecttvestudieswereperformedbydeter-
miningthemedianofthemicrophotometertracingofa line,Inobserving
thefilm,thefieldofviewwill showgrainclusters,filmdefects,
ecratchea,dust,andsoforth.Theeyeautomaticallydecideswhichof
theseqre.spuriousandmentallysubtracts”’thbmfromthefieldof view.
A limitofaccuracy,lsreached,however;becausethoeyeisunabletodis-
tinguishbetweentworegt.msof.thef’ih%rhichares~ighi.ifgdifferentin
density.On.the.otherFtij the.microphotometerwillreaordanyspurious
fluctuationsofd~nsi.tywhich,the.eyedisregarded,but-forbrckdlines
thqso’flue.t~~ionswillheavemgedout.Therefore$theobjeutivenkthod
maybeexpe.cted.,t,cbesuper$cwfor,wj.,delinqs.J?orthis~eas~jln%e.der
lineswerechosentobeevaluatedbythe.mtcrophotometer.“

A finecapill.a~of@aeswasfilled’withzincdustandrotatedin
theX-~.~e~ sothateperf.e.ctstatisticswouldbeguarante~.The213
reflectionwaerecorde”donfilmsofdifferentgrainsize,onecoarseand:
theothqrfinergrdned.‘Asharperlinewtw.alsoreco@@.onthec~rs.e-
grained,filmr.~“ForaYiXm-to-sp&cUi4ndf~tanceof10centimeters,the
coarsefiti.reqyiredenexpoeuretimeof~ hours~whereakthe finei’”fi~.
required18hours;“ .

.;
Mic’r~hotiometer”tracingswereobtainedbyscanning’alongtheradius

ofthediffraction-line.A numbel-of tracingsof-eachIlne.wasob@ined -
ly slight~rotatingthefilminthenicrophOtometei*a@~canningalong..
a newIwiiudi The”microphotometer%eamhada widthof0.01mill.imet.e.r
anda-lengthof1millimeter.Twomicrophototitertiacin~awere,~roduced

.

for eachsettingofthefilm.Five’sets, or a total of 10 tracings, were ‘
so obtainedforeachfilm.The reasonfwr.producingtwotracingsperfilm
settingistoallowtwoobserverstomakemeasurementson.the..qamecurve
andthus tiduoesubjectivefactors.

Typtcalttiqcingsaregf.veninfi~req10tol%!,,Figure10”isthe
broadIine.oncoarse’-grained.film,figure’11thebroadlineonfiner-
grained,.film,andfigurb22thesharplineoncoarse-grainedfilm.These
microphotometertracingswereproducedathighnmgnificatio~incwderto
reducemeasurementerrors. The X coordinates given in these figures
simplyrepresent distances alongthe tracings. S~ncethe diffraction line
is asyumbtricaljit &s, moreconvenientto measurethe “&edlm”kyweighl~,
thanto determinethe X-coordinate of the centroid. ,. .

Eachfilm.carrieda fiducialmrk whichservedasthereferenqe
pointfromwhichthemediancouldbedete@ned.Distancesweremeasured

z
Obviously,no llne exhibitingan overlapping Ku doutletcodldbe

used..
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fromthefiducialmarktoregionsoneither side of the
maximumswheretfie,dansitydropped,@a lowvalueandbecameconstant.
Thesedistanceswere“cox&mtforeachfilmmd”servedasthe..boqndaries
oneithersideofthemaximums.The”curveswerethencutoutbetweenthe
boundaries”andcutinhalf.Subsequentcuteweremadeuntila chemiqal
balticeshowedthetwohalvestobeofequalweight(C%Carea).Afters,
bal~cehadheeneffected,thecurve”fromwhichmaterialhadbeencutwas
placedback”inpoaittoninthetrac~ngsheetfromwhichithaclbeenre-
?noved.Thedistancebetweenthefi~ucialmark’andthe“edgeofthecut
curvewasmeasured.,Thisvalueisthe X coo~inate.ofthemedian.

Eachobserver‘deteniineilthe”q’edianofthesametracing.Thetwo
vqlue,swereaveraged.A newavera~ewasthemobtainedforalltrac@@ “-””
oftheparticularfilm,andthestandarddbvzation0.Wasthende~e~
minedfromthisvalue.Again3CIwast-epas theWluebeymdwh.lch
thenumber.ol’observationshavingthiserrorwouldbenegli~ible.The
resultsaregivqn‘inthetollw’i~ta.blq;.

..”
TP.hleII .. --.,—— —

—.
1. 3;

-., !
(Cal) i .(g)~r,, ,1”,.

Coarsefilm,sharplin6 “ Q.00180 ~! 0,034-‘ 1/6 ~ ;..
.,
Finefilm,broadline .1 :00239 ;176 .

,.:
1/231

lCoarsefilm,broadline ! .oo33~ \ .172 I
I I

1/18 :“
;’I

ThegeneraltendencytowardIncreasetiaccuracyforwiderlines3.s.
againapparent.However,itissurprisingthatforlines%roailerthan
thoseevaluatedvl.sudl.y,theaccuracyislower,Itseemsthatthedis-
criminatingabilityoftheeyemakesitsuperiortothemicrophotcmcter
fortheusualr-e oflinewidth.Thisexplainsthereluctanceofmost
observerstouseobjectivemethods.. .

A moreaccuratemethodofob.lectiveevaluationwouldfirsthavecom--
J?leteil,hythemethodofleastsq~ares,theb“estfittingsmoothcurve
correspondingtoeachmicro~hotometertracingandwouldthenhavedeter-
minedthemedian.However,thisprocedureseemstoocum%ersanwforrou- —
tineuse.

Itisdm.zbtfulwhetherthepresentchoiceofexposuretimeandback-
grounddensityarethemostfavorable.Itisknown(reference8) thatthe
fluctuationofdensitydecreasesasthedensi.t~increases.Thiss~ests
thatamexposuretoa unifozmbeampriortothediffractione~osuremz@t
improvetheaccuracy.However,thiswouldtendtomakethede~ityc-e
flatter,sothatthegainintioothness
Sharpneea, Onlyfurtherinvestigatiope

might”beoffsetbythe1GS6of
cananswerthequestion.
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CONCLUSIONS .

Fromariinvestigationof.thelimitsof~recisior-inthedebwmina--
tionofla$ticeparamet~sandetressqs,thefallowingconclusionswere
made: —

Thesharpnessofthediffractionlineislimitedbytheepectral
breadth’oftheph-akactez”istic,mdiatim. Unde~conditionswhere
a largenumberofperfectckystalsam randunlyoriented,thediffraction
linewillbeperfectlysmoothanduniform.Ifthesampleste.tisbicsare
poorand,thediffractionlinec~ot be.smoothedbyproperrotationof
thespecimen(asinmoststressmeasurement],thediffractionlinewill
exhihitanirreg@m’intensitydistrihuttcn,TIIismakeeaprecise dete~
m&tion of the intensity ma@.mum}and, thereby, of the lattico yerameter,
impossible.

Evenvhenthe sta-tisti,cal fluctuations of ~:ain @.mt@lon apeelim--.
inated,theaccuracyisMmited”bythsimprfectimofthephotographic
film,whichentailserraticirreguler$.ttesofthephoto@a@icdensity
distribution.

Objectiveandsub$ecfiiveevaluationsofthecenterofa yhoto~zph--
icallyrecordedlineleadtounce~intietiinlatticegpacingd..The
relativeerrorEd/dinde’cetiningthehztticespacingisapproximately
2 x 10--5asanorderofmagnitude.Thisvaluedet~rminestheaccuracy

.

withwhichstressmeamummentsnaybemade. “
.

ArmourResearchFoundation,
Chicago,111.,June11,1947.

.
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Diatanoealongfilm,~

Figurea.- Intenuitydletributionfor stressed@adUnetreneod
eteel. ri!.m-to.speolmBndistenoe,8 oentimetera.
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NATIONALAOVISOQY
CoNNrrm Ka -w=

Figure 3.- Diffraction pattern of sample A. Exposure time,
hours; film rotated.

*

NAT10t4UADVISORY
cwnIrrEE Fa ARonAuncs

Figure 4.- Diffraction pattern of sample B. Exposure time, 5
hours; film rotated.
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Figure 5.- Diffraction pattern with sample B rotated.

NAnoful AnvKoQY
COSINITTSEFMASMiiAWK5

Figure 6.- I)iffractionpattern of sampleC. Exposure time, 6
hours; film rotated. .-
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Piguxe 7.- Intensitydistributionof diffraction
patternfor eeqle A.

Figure 8.- Intensitydistributionof diffraction
~ttern for nnmpleB.
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